A recent statistical analysis of the relationship between tides and seismic activity in Colombia has suggested the existence of correlation anomalies for the case of intermediate depth events in the Bucaramanga nest and the Cauca cluster (Moncayo et al., 2019). In this work, we explore in detail the hypothesis that tides may be triggering seismic activity in these regions and extend the analysis to two other seismic clusters in northern-central South America, specifically in the areas of El Puyo (Ecuador) and Pucallpa (Peru). For this purpose, we use the available focal mechanism information for seismic events at these locations, and calculate for each event the Tidal Coulomb Failure Stress (TCFS) as obtained from estimations of the tidal strain tensor. Tidal strains are computed considering the Earth body tides and the effect of the ocean tidal loading. Since our purpose is to elucidate the role of tides in earthquake nucleation, calculations of the TCFS are conducted not only for the time of earthquake, but also for the time of the closest maximum strain within a window of a few hours before the events. Our results tend to support the hypothesis that tidal stresses are contributing to earthquake generation in all the studied areas; this trend is especially stronger when TCFS are calculated at pre-earthquake times. The physical explanation for the positive contribution of tides to earthquake triggering in intermediate depth clusters may lie in the fact that a wide diversity of fault plane orientations is possible within a relatively small volume of subducted lithosphere, so making the tides more likely to help loosening up the blocks at the fault plane to promote slip.
An earthquake occurs when a sudden release of mechanical energy takes place within the crust, at the hypocenter, where deformations have accumulated over years, decades or centuries. The generation of an earthquake can be described with the so-called seismic cycle (Fedotov, 1965) . During one of the phases of this cycle (the interseismic phase), the accumulation of strain brings the system to a critical state that ultimately leads to the occurrence of the earthquake (coseismic phase). Although the origin of the stresses involved in the seismic cycle is mostly endogen (tectonic, volcanic, etc.) , we could ask whether, in addition to the endogenous contribution, there could be other phenomena involved in triggering the seismic event. One of these phenomena is the tidal stress, built upon the gravitational interaction of the Earth with the Sun and the Moon. Despite being two or three orders of magnitude smaller than the typical stress drops, tidal strains are associated to stress rates even greater than the tectonic ones (Heaton, 1975; Emter, 1997) .
For more than a hundred years, the idea of a relationship between tides and seismicity in the Earth has attracted the attention of scientists around the world. Most recent studies in this topic support a tidal contribution to seismic activity in different areas of the planet (Tanaka et al., 2002 (Tanaka et al., , 2004 Tanaka, 2010 Tanaka, , 2012 Cochran et al., 2004; Cadicheanu et al., 2007; Metivier et al., 2009; Chen et al., 2012; Tiwari and Chamoli, 2014; Vergos et al., 2015; Xie et al., 2015; Arabelos et al., 2016; Ide et al., 2016) ; the analysis of moonquakes also reveals a clear tidal contribution (Kolvankar et al., 2010) . In some cases, results suggest strong correlations for the case of shallow events of reverse fault type (Tanaka et al., 2002) or shallow thrust earthquakes (Cochran et al., 2004) ; there is also evidence for tidal triggering of intermediate-depth earthquakes (Cadicheanu et al., 2007) . However, there are cases in which results have been weak or contradictory, or do not reveal a link between lunisolar tides and seismicity (Heaton, 1982; Curchin and Pennington, 1987; Hatzell and Heaton, 1989; Vidale et al., 1998; Beeler and Lockner, 2003; Fischer et al., 2006; Ader and Avouac, 2013) . Most of the studies up to date have focused on the direct effects of tides on tidal triggering, namely the effect of solid or body tides as measured at or around the hypocenter of the earthquake. Others, however, have also included the so-called indirect effects of the tides (see e.g. Tsuruoka et al., 1995; Vidale et al., 1998; Cochran et al. 2004; Tanaka et al., 2002 , 2004 , 2006 , Tanaka 2010 Arabelos et al., 2016) , namely, the effect that ocean tides could have in tidal triggering.
The indirect effect of the ocean tide is important because near ocean margins, it can be larger than the solid earth tides (e.g. Tanaka et al., 2002) . In fact, the load effect in the induced stresses at oceanic basins is an order of magnitude larger than the induced stresses by the solid Earth (Cochran et al., 2004) . Therefore, its role as a triggering mechanism should not be overlooked (e.g. Tsuruoka et al., 1995) . More interesting is the fact that OTL may disturb the faults by a hold-and-release mechanism, arising from variations in water mass over the ocean basins (Cochran, 2004) . This contribution of OTL may result in different effects than those expected by studying only the body tides (BT).
Modeling the OTL is more difficult than modeling solid Earth tides (Agnew, 2007) . This fact has delayed the reliable study of these effects on tidal triggering with respect to what have been done with BT. However, recent technological tools and improved geographical models of the ocean basins worldwide, have contributed to improve the estimation of the effect.
In a previous work, we reported the discovery of correlation anomalies (anomalously low p-values of the Schuster Statistical Test) between intermediate depth seismicity in the Bucaramanga nest and Cauca cluster in Colombia (Moncayo et al., 2019) and the diurnal and monthly phase of the body tides. In that study, we neglected the indirect effect of OTL arguing that typical distances of the seismic clusters to the Caribbean and Pacific coasts were relatively large (200-500 km). Since the OTL decreases with distance to the coasts (e.g. Matsumoto et al., 2001; Wendt, 2004) , we assumed that considering its effects was not mandatory.
In this work, we revisit the problem and study tidal triggering in the aforementioned seismic clusters, including now the indirect effect of the OTL. Moreover, we take a step further by including in our analysis other two areas of high seismicity rate, close to the West Coast of South America, namely the El Puyo (Ecuador) and Pucallpa (Peru) seismic swarms, where a noticeable concentration of intermediate-depth events has been observed (Zarifi and Havskov, 2003; Soles Valdivia, 2012; Taipe Acosta, 2013) . In Moncayo et al. (2019) we focused on devising novel approaches to compute the tidal phases and to perform the statistical analysis of their correlation with seismicity. In that study, we applied our methods to samples of earthquakes with a statistically significant number of events. In this paper, we focus on much smaller samples, namely, those formed by earthquakes whose focal mechanisms are reliably determined. For each earthquake, we compute the local value of the tidal strain, and from them we estimate the so-called Tidal Coulomb Failure Stress (TCFS).
Other authors have attempted to study the TCFS in relation with tidal triggering (e.g. Smith and Sammis, 2002; Cochran et al., 2004; Fischer et al., 2006; Xu et al., 2011; Gallego et al., 2013; Miguelsanz del Alamo, 2016; Bucholc and Steacy, 2016) . Thus, for instance, Smith and Sammis (2002) include the tidal Coulomb effective stress response in their analysis of the Northridge and Loma Prieta earthquakes. Independently, Cochran et al. (2004) performed an analysis of worldwide earthquakes considering shear and normal stresses, and found a significant tidal correlation for large tectonic events with increasing tidal stress amplitudes. Fischer et al. (2006) studied the possibility of tidal triggering for an earthquake swarm in the NW-Bohemia/Vogtland region, in Central Europe. In their study they considered only solid Earth tides, due to the large distances between the studied region and the Mediterranean Coast; they reported no significant tidal correlation with the swarms in the region. Xu et al. (2011) conducted a global study of the TCFS with shallow (<60km) and large (M>5) earthquakes for different types of faults. They found a dependence of the TCFS with latitude and fault type. Gallego et al. (2013) analyzed the possible contribution of the solid Earth tides and the OTL to the tremor occurrence around the Chile triple junction region. They found a maximum correlation for Coulomb stresses for faults subparallel to the subducted transform faults. Moreover, they found that the combined effect of both, BT and OTL may facilitate or prevent tremor production in the area. Miguelsanz del Alamo (2016) and Bucholc and Steacy (2016) focused on the very well-known California seismic area. The former proposed new methods to solve the problem of the true nodal plane determination in the focal mechanisms (which is a key problem when analyzing the correlation between the TCFS and tides) and found significant correlations between the maximum TCFS and the origin time of earthquakes; the latter, on the other hand, analyzed both solid Earth tides and OTL and found a correlation between tidal triggering and the magnitude of the tidal stresses.
Earthquake tidal triggering for intermediate-depth earthquakes and/or in seismic nests is not a new research topic (e.g. Curchin and Pennington, 1987; Cadicheanu et al., 2007; 2014) . Curchin and Pennington (1987) studied intermediate-depth earthquakes worldwide using only earth tides; they did not find a significant tidal correlation for most intermediate-depth earthquakes. Cadicheanu et al., (2007) considered the fact that the lunisolar attraction can modulate the intermediate depth seismicity and found for the Vrancea zone a significant tidal triggering correlation. In Cadicheanu et al., (2014) , the authors searched for some kind of tidal triggering in the three most known seismic nests on Earth: Vrancea (Romania), Bucaramanga (Colombia) and Hindu Kusch (Afghanistan), using a 3D statistical tidal tomography. They found only for Vrancea zone a favorability of tidal triggering, but not for Bucaramanga nor Hindu Kusch. In Bucaramanga they suggested that the time periods between the earthquakes are not associated to tidal triggering (Cadicheanu et al., 2014) . They do not use the TCFS criterion in their study. Moreover, and as we argued in our recent work (Moncayo et al., 2019) , tidal phases have been improperly computed, especially in the case of the diurnal and monthly phases, in such a way that in most cases, including probably that of Cadicheanu et al. (2014) , the strong diurnal and monthly correlations we have observed, have been mostly absent.
This paper is organized as follows: in Section 2 we start by describing the tectonic setting of the analyzed areas. In Section 3 we briefly summarize our methods to calculate the direct and indirect effects of tides on Earth for the purpose of our work. Section 4 describes in detail the calculation of the tidal Coulomb failure stress and the main assumptions behind it. In Section 5 we present the methods we applied to compute and analyze the TCFS in the studied seismic clusters. Section 6 presents the results of our computations. Section 7 is a discussion of the physics involved in the tidal contribution to intermediate depth earthquakes in seismic clusters and the possible tectonic implications. Finally, in Section 8 we summarize our work and draw the most important conclusions derived from it.
Tectonic setting around the seismic clusters
The West Coast of South America is characterized by the presence of the Andes mountain range. The Andes Cordillera is the highest non-collisional range worldwide (Ramos, 1999) . Several authors distinguish between three different segments in the Andes (see e.g. Gansser, 1973; Ramos, 1999) , according to their geological processes and tectonic settings: Northern, Central and Southern Andes. The Northern Block of the Andes (approximately between 12º N and 4ºS) is an interaction zone of three tectonic plates: South America, Nazca and Caribbean, and comprises mostly the territory of Colombia, northern Ecuador, and northwestern Venezuela. The Central Andes (4º-46º30' S), corresponds to the typical Andean-type orogeny associated to the subduction process (Ramos, 1999) , with a flat-slab segment observed in the Peruvian Andes (Ramos, 1999) . The Southern Andes (46°30'-52º S) are located south of the triple junction between the Nazca, South America and Antarctic plates (Ramos and Kay, 1992) .
In the northern Andean Block and the Central Andes, the region containing the seismic clusters we are interested in (Figure 1 ), the Nazca plate is subducting under the South American plate, at a relative velocity of about 5.3 cm/yr (Sella et al., 2002 , Trenkamp et al., 2002 . The subduction of the Nazca Plate in this area seems to be segmented, with a boundary at ~5° N, where flat subduction occurs to the north and a steeper subduction takes place to the south (Vargas and Mann, 2013; Chiarabba et al., 2015; Syracuse et al., 2016) . In northern Colombia, the Caribbean plate seems to subduct at a shallow angle at an average rate of 1 -2 cm/yr (Taboada et al., 1998; Trenkamp et al., 2002) . The convergence of these plates, plus the presence of at least two microplates or blocks (Panamá-Chocó and North Andes Blocks), and the existence of several active faults, make the region seismically active and tectonically complex (e.g. Pennington, 1981; Pulido et al., 2003; Cardona et al., 2005) .
The flat slab subduction zone in Peru is located between 3ºS and 15ºS and extends over a length of 1500 km, showing the typical absence of volcanism (see e.g. Barazangi and Isaaks, 1976; Gutscher et al., 2000; Tavera and Buforn, 2001; Eakin et al., 2014) . Another characteristic of this zone is the presence of the Nazca Ridge between 14ºS and 17ºS, whose subduction can influence the deformation of the mantle in the area (Eakin et al., 2014) .
In this tectonic context, we identified 4 regions where an anomalous concentration of intermediate-depth earthquakes takes place (events marked with stars in Figure  1 ): 1) the Bucaramanga seismic nest (~7ºN, 73ºW), 2) the Cauca seismic cluster (~4.5ºN, 76ºW), 3) the El Puyo seismic cluster (~2ºS, 78W), and 4) the Pucallpa seismic cluster (~8º S, 74º W,).
The Bucaramanga seismic nest corresponds to a concentration of intermediatedepth earthquakes with a mean hypocentral depth of 160 km, which shows the highest concentration of intermediate-depth seismicity worldwide (Prieto et al., 2012) . Several authors have tried to explain the origin of this seismic nest (Zarifi and Havskov, 2003; Zarifi et al., 2007; Prieto et al., 2012; Chiarabba et al., 2015) ; it is still unclear if it is associated with the Nazca Plate (Gutscher et al., 2000; Chiarabba et al., 2015; Syracuse et al., 2016) or the Caribbean Plate ( Van der Hilst and Mann, 1994; Sanchez Rojas and Palma, 2014; Yarce et al., 2014; Idarraga-García et al., 2016) .
The Cauca seismic cluster is likely related to the subduction of Nazca beneath the North Andean Block (Cortes and Angelier, 2005; Chang et al., 2017 ). An in-depth analysis of the potential correlation between seismicity and earth tides in those clusters was carried out recently by Moncayo et al. (2019) , finding anomalously low values of the Schuster test p-values for the diurnal and monthly tidal components. Those findings motivated this follow-up investigation.
The seismic cluster of El Puyo is located approximately at a distance of 350 km from the trench and is characterized by events with depths between 130 and 220 km and magnitudes that can be greater than Mw=7 (Yepes et al., 2016) . Most of the seismic events in the cluster have normal mechanisms (Taipe Acosta, 2013). Zarifi and Havskov (2003) suggested a possible volcanic origin for this cluster, but recent studies show that the El Puyo Cluster could be originated by flexure of the older Farallon slab (Yepes et al., 2016) .
The Pucallpa cluster, on the other hand, is described in the literature as a seismic swarm with an extensive regime (Soles Valdivia, 2012) . This concentration of events is located at a distance of 600 to 700 km from the trench, and most of the events have depths between 100 and 190 km (Soles Valdivia, 2012) . Seismic events in the Pucallpa region show a tendency to be originated in a region parallel to the Cordillera, with a slight deflection to the west (Soles Valdivia, 2012) . If this is the case, the Pucallpa seismic cluster could be associated with a possible steepening of the subducting plate (Schneider and Sacks, 1988; Tavera and Buforn, 2001; Soles Valdivia, 2012) .
Calculation of tides and Ocean Tidal Loading (OTL)
Between the two direct effects caused by the gravitational attraction of the Moon and Sun, solid Earth and ocean tides, the former can be described more easily (e.g. Farrell, 1972 Farrell, , 1973 Scherneck, 2001; Zahran et al., 2005; Agnew, 2007) . The Ocean Tide Loading (OTL) calculations require the computation of the tidal load numbers (Farrell, 1972) . To obtain the OTL, it is necessary to consider a model of the ocean tides and the elastic properties of the Earth (e.g. Zahran et al., 2005; Doan et al., 2006; Agnew, 2007) . The effect of ocean loading in a certain location is computed by the convolution of ocean tidal data with Green´s functions (e.g. Farrell, 1972; 1973; Baker, 1984; Jentzsch, 1997; Tanaka et al., 2002; Tanaka, 2010 Tanaka, , 2012 Doan et al., 2006; Penna et al., 2008) . The OTL displacement ( ⃗) at a given point can be written in the following form (Farrell, 1973) :
where is the density of sea water, represents the Green´s function, which depends on the distance between the position vectors on the Earth's surface ⃗ and ⃗ ′ (Farrell, 1973) , and corresponds to the tidal amplitude at ⃗ ′ . The integral is calculated over the total area of water described by Ω.
Considering that the response of the ocean to the tidal forces is not uniform, both phenomena, solid Earth tides and OTL, are generally not in phase (Jentzsch, 1997; Wilcock, 2009) . Another aspect to consider is that the local properties of the crust and mantle affect the OTL, whereas the solid or body tides depend on the global properties of the Earth (Farrell, 1972) .
The OTL effect decreases with distance to the seashore (e.g. Doan et al., 2006) . Several studies highlight the role that the OTL plays in the search for a correlation between tides and seismicity, which is a factor that cannot be neglected, especially if the seismic events are in areas near the coasts (e.g. Tsuruoka et al., 1995; Jentzsch et al., 2001; Wilcock, 2001 Wilcock, , 2009 Cochran et al., 2004; Tanaka et al., 2002 Tanaka et al., , 2006 Tanaka, 2010 Tanaka, , 2012 Thomas et al., 2012) . As mentioned by Farrell (1972) , an important characteristic of the OTL is its much more irregular distribution, in comparison with the terrestrial tide, which shows smooth variations at the Earth´s surface. A detailed theoretical description of ocean tides can be found in e.g. Melchior (1966 ), Jentzsch (1986 , 1997 ), Zahel (1997 ), and Agnew (2007 .
In Figure 2 we show the components of the strain and radial displacement produced by the OTL effect in the northwestern regions of South America around Colombia and for different major tidal components. As expected, the largest effects are close to the west coast, in the pacific basin for the M2 and S2 components, and around the Caribbean basin for the O1 constituent. Although the radial displacement (~10 mm) is small as compared to the typical total tidal displacement (~200 mm, see Figure 6 in Moncayo et al. 2019) , for events at or close to the ocean basins, the OTL strains are comparable to those produced by the solid tides.
Tidal triggering and the tidal Coulomb failure stress (TCFS)
The feasibility that tides trigger seismic activity in a given region of the Earth strongly depends on the comparison of the magnitude of the local endogenic (e.g. tectonic) and the external tidal effects. The stresses induced by Earth tides are of the order of 10 3 Pa while those of the OTL can reach values as large as 10 4 Pa (e.g. Cochran et al., 2004) . Therefore, tidal stresses are 3-4 order of magnitudes smaller than those of tectonic origin, which are of the order of 10 5 -10 7 Pa (Vidale et al., 1998; Metivier et al., 2009 ). This comparison is one of the main drawbacks of the hypothesis of tidal triggering of seismicity.
However, tidal stress rates can be comparable and even much larger than tectonic stress rates (e.g. Emter, 1997) . Assuming, for instance, that OTL stresses build up during half of the semidiurnal cycle, tidal stress rates can be as large as ~1.7x10 3 Pa/h (near the coast, the tidal loading signal can overlap the solid tide signal, e.g. Jentzsch, 1997) . This value is two orders of magnitude larger than tectonic stress rates ~17 Pa/h (Heaton, 1975) . Therefore, and in contrast to tectonic stress, tidal stress may contribute to activate faults already in a critical state (e.g. Smith and Sammis, 2002; Bucholc and Steacy, 2016) . A similar argument has been raised for the case of volcanic regions (Jentzsch et al., 2001) .
Estimating the value of the tidal stresses that act in a fault during or before an earthquake is not a trivial matter (Stein, 1999; Vidale et al., 1998; Cochran et al., 2004; Fischer et al., 2006; Wilcock, 2009; Xu et al., 2011; Miguelsanz del Álamo, 2016; Bucholc and Steacy, 2016) . In this work we will use the typical approach used by many authors, namely estimating the tidal stress as a linear combination of the normal and shear stress at the fault plane.
This "combined stress" is called the Tidal Coulomb Failure Stress (TCFS):
Here is the apparent friction coefficient (King et al., 1994) , is the normal tidal stress, which is considered positive for extension, and is the tidal shear stress, positive in the slip direction of the fault. Positive values of the TCFS components would be normally associated to fault slip (e.g. Stein, 1999; Gallovic et al., 2008; Miguelsanz del Alamo, 2016) .
There is no consensus on the best value for . It can be as low as 0.2 and as large 0.8. Several authors, however, have found that a value = 0.4 leads to the largest values of the TCFS when a correlation between tides and seismicity seems to exist (e.g. Cochran et al., 2004; Fischer et al., 2006; Bucholc and Steacy, 2016; Miguelsanz del Alamo, 2016) .
The value of normal and shear stresses can be computed from the tidal traction vector, , whose components are defined in terms of the stress tensor as = , where is a vector normal to the fault plane. Using the traction vector, the normal ( ) and shear ( ) components of the stress are (Xu et al., 2011; Miguelsanz del Alamo, 2016 ):
where we have additionally introduced the slip vector .
The normal and slip components are given in terms of the parameters of the fault mechanisms, namely the strike ( ), dip ( ) and rake ( ), by (Miguelsanz del Alamo, The constitutive equation for an isotropic material, provides us the relationship between the stress and the components of the strain :
Here, and are the Lamé coefficients, with the rigidity of the material, which for the Earth´s crust has values between 30 GPa and 75 GPa (Turcotte and Schubert, 2002) . On the other hand, the Lamé coefficient is obtained from rigidity and Poisson´s ratio (Stein and Wysession, 2003 ; Miguelsanz del Alamo, 2016)
Combining Eqs. (5-9), the traction vector can be written explicitly as:
here, the strain components , , , , , are expressed using a local Cartesian coordinate system ( corresponds to east E, to north N and to the updirection U) (e.g. Smith and Sammis, 2002; Fischer et al., 2006; Jaeger et al., 2007; Miguelsanz del Alamo, 2016) . Explicitly these components are:
In the equations above, , and are the diagonal strains in the N45E, E45Z and N45Z directions, respectively.
For earthquakes close to Earth´s surface we can assume a free surface boundary condition, i.e. the shear strains and almost vanish (Harrison, 1976) . This implies = = 0 (Zürn and Wilhelm, 1984) . Additionally, we can also assume a state of plane strain, namely = 0. Both of these assumptions are common when studying shallow earthquakes (e.g. Wilcock, 2009; Smith and Sammis, 2002; Fischer et al., 2006) . In this case, the traction vector is finally obtained as:
Although for the calculation of the tidal stress we need to consider the earthquake depth (Tsuruoka et al., 1995) , for the case of intermediate-depth earthquakes the previous simplifications are still valid. Shear stresses are near zero from Earth´s surface to approximately 200 -300 km depth (Varga and Grafarend, 1996, 2017) .
Depending on the sign of the involved stress, the slip of the fault may be favored or not (e.g. Tusuroka et al., 1995) . A positive normal stress means the total normal pressure on the fault decreases and so the slip will be favored (e.g. Miguelsanz del Alamo, 2016; Bucholc and Steacy, 2016) . The same happens for the shear stress; if it is positive, it implies that the movement of the fault is favored (Xu et al., 2011) .
TCFS for intermediate depth events in Northwestern South America
In Moncayo et al. (2019), we presented statistical evidence of a positive correlation between tides and seismicity for the Bucaramanga seismic nest and the Cauca cluster. To actually demonstrate that these correlation anomalies correspond to a causal effect (tidal triggering), we need to go further (see e.g. Ader and Avouac, 2013). Here, we will study the problem from a geophysical point of view, computing the tidal stresses acting on several of the earthquake nucleation areas identified in Northwestern South America.
As explained in previous sections, this goal requires the estimation of the components of the strain tensor at the place and time of seismic events, besides knowing the geometrical characteristics of the faults where those events arise. The main inputs for the present study consist of information about seismic events occurred in northwestern South America and time series of BT and OTL at the place and time of the selected events.
The selected dataset
For the seismic events within the Bucaramanga nest and the Cauca cluster, we used the datasets from the Colombian National Seismological Network (RSNC), managed by the Colombian Geological Survey and freely available online at http://seisan.sgc.gov.co/RSNC. The dataset contains 167162 earthquakes recorded from 1993 to 2017. Approximately 70% of the events in the database correspond to intermediate-depth seismic events occurred in the Bucaramanga nest and Cauca cluster (Moncayo et al., 2019) . The number of events with information about moment tensors and focal mechanisms is however restricted.
We extracted source mechanism information mainly from Cortes and Angelier (2005) , which contains events between 1964 and 2002, and from the dataset of the Global Centroid-Moment-Tensor (CMT) catalog from 1997 to 2017 (Dziewonski et al., 1981; Ekström et al., 2012) . This information freely available online at www.globalcmt.org. Additional information was obtained from Salcedo et al. (2001) and Tabares et al. (1999) , both of which contain earthquakes from 1966 to 1992. Chang et al., (2019) provided focal mechanism information for events from 2010 through 2014 in the Cauca cluster. The focal mechanism information of the seismicity in the El Puyo and Pucallpa regions was all obtained from the CMT catalog. Considering this combined data set, we must assume a wide range of uncertainties in the nodal planes attitude in the focal mechanisms, which we take to be between 10 and 45 degrees.
Using the preceding criteria, we selected 56 earthquakes from the Bucaramanga nest and 89 from the Cauca cluster. For the Bucaramanga nest, the selected earthquakes range in magnitude between 4.2 and 6.2 and in depth between 120 and 172 km; in the Cauca cluster, the magnitudes of the selected events go from 2.5 to 6.3 and hypocentral depths are between 60 and 189 km (Supplementary Tables S1  to S4 ). The focal mechanisms of the Bucaramanga nest have a wide variability (Zarifi and Havskov, 2003; Frohlich and Nakamura, 2009 ), but most of them correspond to reverse mechanisms (Frohlich and Nakamura, 2009) . The Cauca cluster also shows some variability in the focal mechanism information, but the strike slip fault type predominates (Chang et al., 2019) .
Additionally, from the CMT catalog we extracted focal mechanisms for 23 earthquakes in the El Puyo seismic area, and 28 for the Pucallpa seismic cluster. These earthquakes have magnitudes between 4.8 to 7.1 and depths between 149 and 198 km for El Puyo, and for Pucallpa magnitudes range between 4.9 and 6.6, and depths between 144 and 197 km (Supplementary Tables S5 to S8 ).
Following Cadicheanu et al. (2014) , we considered all main shock and aftershocks of the intermediate-depth earthquakes in our selected sample. In our previous study (Moncayo et al., 2019) , the whole earthquake database of Colombia was declusterized. However, for the present analysis, the aftershocks are not filtered out. The possibility of cascading triggering phenomena in case of a not declusterized database should then be considered. In our study, the database of intermediatedepth earthquakes with information of focal mechanism was not declusterized. For seismic events in the Bucaramanga nest (56 events from 1977 to 2016, median local magnitude ML= 4.9), we can observe that the events are distributed in a broad range of time; 84% of the events are separated by more than 10 days, and even most of them occurred with a separation of more than 100 days; only 7% of the events where separated by a time interval less than 10 days. In the Cauca cluster (89 events from 1966 to 2015, median local magnitude ML= 5.5), 78% of the events are separated by times larger than 10 days. In El Puyo cluster (23 events, median local magnitude ML=5.4), 95% of the events are separated by a time interval larger than 10 days. All the studied events from the Pucallpa cluster (28 events, local median magnitude ML= 5.6) are separated by time intervals larger than 10 days. This gives us confidence that our data are mostly free of aftershocks. In addition, in the case of the Bucaramanga nest, the productivity of the aftershocks has not been reliably detected. Prieto et al. (2012) suggest that the possible reason for the limited aftershock detection is the background seismicity, because it acts as a masking effect, hiding the aftershocks.
OTL and BT time series computation
Considering the importance of including the OTL effect in the exploration of a relationship between tides and seismicity, we chose the program GOTIC2 (Matsumoto et al., 2001 ) to obtain the time series of the indirect effect (OTL) and the joint effect of the solid Earth tides (body tides or BT) and OTL. GOTIC2 (Matsumoto et al., 2001 ) is a FORTRAN program, which computes and predicts theoretical BT and OTL in the time domain.
Using GOTIC2 we obtained tidal time series for BT, OTL and the combined effect in an interval of 30 days before and 30 days after the earthquake. The time series were computed considering the models NAO.99b (global ocean tide model with 0.5º resolution, Matsumoto et al., 2001) and the long period model NAO.99L (Takanezawa et al., 2001; Matsumoto et al., 2001 ). Both models include 21 tidal constituents: 16 constituents with short period in the diurnal and semidiurnal band (M2, S2, K1, O1, N2, P1, K2, Q1, M1, J1, OO1, 2N2, Mu2, Nu2, L2, T2) and 5 long period constituents (Mtm, Mf, Mm, Ssa, Sa).
Although near the coasts it is advisable the usage of combined ocean models of global and regional character (Matsumoto et al., 2001) , in our study we use only the global model because most of the analyzed seismic events occurred at a distance larger than 200 km from the coast, where the resolution of the model is enough. A possible improvement of our model will otherwise consider coastal geometry (Jentzsch et al., 2000) .
The theoretical OTL effect for the major tidal constituents M2 (principal lunar semidiurnal), S2 (principal solar semidiurnal) and O1 (principal lunar diurnal) is shown for Colombian territory and neighboring regions in Figure 2 . The M2 constituent shows the largest amplitude variations, both in the OTL and BT (e.g. Penna et al., 2008) . The radial displacement shows its highest values in the Pacific Coast of Colombia for both the semidiurnal principal short period components M2 and S2. The Moon diurnal principal component O1 shows the highest values at the Caribbean Coast. Between M2 and S2 there are differences of one order of magnitude, and between M2 and O1, in some cases the difference reaches two orders of magnitude. If we consider the effect of the OTL on strain, the Moon principal semidiurnal component shows that the tidal effect concentrates in the area of the Pacific Coast for the N-S and E-W components. In all cases the strain decreases towards the continent, becoming practically negligible at distances larger than 300 km.
TCFS computation
To compute the TCFS, we calculated for all the selected events, time series of the longitudinal tidal strains for both BT and OTL, as well as the combined effect. Our time series include information about the strain in the north-south, east-west and vertical directions, and in the diagonal direction N45°E. The normal strain components in north-south direction (also called ), in east-west direction (known also as ), the shear component and the component were also calculated at the reported hypocenter of the event and around the origin time.
In all cases, independently of earthquake depth, for computing the tidal stresses we use the criteria of Varga and Grafarend (2017), according to which for depths less than 200-300 km the stress tensor components , , , are neglegible. Additionally we use Green's functions from GOTIC2 that were calculated for the surface of the Earth and verified that strains do not differ significantly from those computed with ETERNA 3.40 (Wenzel, 1996 (Wenzel, , 1997 , which is better suited to compute tidal strains at any depth.
The traction vector, the normal and tangential stresses on the fault plane, were computed using the Cauchy's formula. The latter two would significantly affect fault rupture (e.g. Tanaka et al., 2002; Xie et al., 2015) . In all cases, tidal stresses were computed at hypocenter depth, as suggested by Tsuruoka et al. (1995) . The normal and tangential stresses were used to obtain the TCFS of the earthquakes according to Eq. (2).
Results
The normal and shear stresses computed for all the events in our selected set of earthquakes are presented in Tables S1 and S2 of the supplementary material. From these values, we compute the TCFS using Eq. (2) for at least two different values of the friction coefficient, namely = 0.2 and = 0.4, and a rigidity of 75 GPa, which can be representative of the upper mantle (Turcotte and Schubert, 2002) and appropriate for intermediate depth earthquakes. Since from the information provided by the focal mechanisms it is difficult to establish the true nodal plane, we have computed the TCFS for both nodal planes. For each event, these two values of TCFS are considered as independent events when computing all the statistics presented below.
In Figures 3-6 we show histograms of the resulting values of the TCFS (considering both BT and OTL contributions), as calculated for the events in our dataset. In order to statistically characterize the estimated TCFS distributions, we compute several central and non-central momenta of the sample of TCFS: the arithmetic average (estimated mean), the square-root of the sample variance (estimated standard deviation), estimated skewness and estimated kurtosis of the distribution.
A positive causal relationship can be suggested if the estimated TCFS mean is positive, with an estimated standard deviation smaller than or at least of the same order of magnitude of the mean. A large positive skewness is also suggestive of a distribution biased towards positive TCFS values. Moreover, a large positive kurtosis may also suggest an underlying distribution which is heavy tailed. In summary, a combination of a very positive mean, a relatively small standard deviation, and positive and large values of the skewness and kurtosis, supports the hypothesis of tidal triggering.
Computations of the TCFS were performed at two different times: 1) at the precise time of the earthquake occurrence (lower panels in Figures 3-6) ; and 2) at the time of maximum tidal strain, just before the time of the earthquake (upper panels in Figures 3-6) ; we call this the "pre-earthquake time". The typical difference between these two times is of a few hours and it is never larger than 12 hours (the time between semidiurnal peaks). Our motivation to include the "pre-eartquake time" is the exploration of the hypothesis that the tidal triggering could not be instantaneous.
It is worth noticing that taking the strain values at the maximum, may or may not contribute to produce larger values of the normal and shear stresses (see Eqs. 3 and 4). Although it is obvious that when the tidal strain values are at their maximum, they are larger than at the time of the Earthquake (with the exception of the case when the earthquake happens exactly at the maximum), previous calculations show that they do not significantly differ from each other (see Moncayo et al. 2019) ; besides, according to the orientation of the nodal plane, those larger pre-earthquake strains may also correspond to a negative and larger (in absolute value) TCFS. Globally, we notice that in all the studied clusters, the distribution of TCFS is more biased toward positive values when the stresses are calculated at the pre-earthquake maximum, supporting the hypothesis of a non-instantaneous effect of tides on earthquake triggering. These results suggest that the fault zone is influenced by the tides at a time before the earthquake, contributing to nucleate the event.
In the following subsections we present in detail the results for each studied area.
Bucaramanga
The histogram and momenta of the TCFS calculated for the Bucaramanga seismic nest are presented in Figures 3 to 7 (upper-left panel). To get a sense of the relative magnitudes of strain associated with BT and OTL, we take an earthquake in June 20, 2004; the total magnitude of the vertical strain at the earthquake origin time is 12.59, and the magnitude of the OTL is 2.17, indicating that the ocean tidal effect represents a relatively small contribution to the total tidal strain.
In general, results indicate that a large friction coefficient is more consistent with the hypothesis of tidal triggering. When the pre-earthquake strains are used to calculate the TCFS, we find a positive mean TCFS value with a dispersion of the same order of magnitude (Figure 3, . In this case, also the skewness and the kurtosis are positive, which is also consistent with a delayed tidal triggering. The box plots in Figure 7 reaffirm these observations. We see that when calculating stresses at pre-earthquake times (upper-left panel, left box), the median of the TCFS values is well above zero. Intriguingly, however, the computed TCFS have atypical values at both sides from zero.
The scatter plots in Figures 8 and 9 show the phase of the vertical strain signal, for the diurnal and monthly phases as plotted against the TCFS for two different friction coefficients. We choose the Bucaramanga nest for this analysis because it has been the most studied one out of the four selected clusters, and because the mechanism of earthquake generation has been most widely discussed (Zarifi et al., 2007 , Prieto et al., 2012 ).
An interesting behavior is evident in Figure 8 and the upper panels of Figure 9 . For the diurnal phase, in both cases, phases close to zero or one correspond to mostly positive values of the TCFS. On the other hand, negative TCFS values are only observed for phases around 0.5. These results are consistent with the tidal triggering hypothesis, since as observed and explained in Moncayo et al. (2019) , phases close to 0 and 1 correspond to times when tides are especially larger in the tidal cycle. Moreover, in Moncayo et al. (2019) we found that the tidal component that best correlates with the occurrence of earthquakes is the monthly phase; Figures 8 and 9 show that for this phase, the correlation between the TCFS values and the tidal phases are larger for the monthly than for the diurnal component, confirming our expectations.
According to Curchin and Pennington, (1987) , the Bucaramanga nest does not show a relationship between the semidiurnal tides and the earthquake origin time; however, they did not include the monthly phase in their calculation, which is the one that most strongly suggests the effect of the tide to facilitate slip along the fault planes defined by the focal mechanisms.
Cauca
Histogram and statistics of the TCFS for the Cauca cluster are presented in Figure  4 and 7 (upper-right panel). A similar picture as that observed in the Bucaramanga seismic nest arises. At pre-earthquake times, large mean values of TCFS with a dispersion of one order of magnitude greater than the average, and a skewed distribution, are observed in this region. At earthquake origin time the TCFS values are negative, however the earthquake happened, this could reinforce the idea about the pre-earthquake forcing. The results in Figure 4 for the Cauca cluster are also shown as box diagrams in the upper-right panel of Figure 7 . In this case, the hypothesis of a pre-earthquake forcing, strongly supports the possibility of a tidal contribution to earthquake triggering, while results at the earthquake origin time are inconclusive. The bias of TCFS for events in this area toward positive values, is even more significant than for the case of the Bucaramanga seismic nest, when considering pre-earthquake times. However, at the earthquake origin time, the median of the TCFS values is negative.
El Puyo and Pucallpa
Histogram and statistics of the TCFS for the El Puyo and Pucallpa clusters are presented in Figures 5, 6 and 7 (lower panels).
Considering the TCFS calculated at the time of maximum strain before the earthquake, and using friction coefficients of 0.2 and 0.4 and a rigidity of 75 Gpa (Figures 5 a, b and 6 a, b) , we observe consistently positive values of TCFS. In these areas, the average TCFS calculated at pre-earthquake times is almost twice larger than the dispersion (El Puyo) or once larger (Pucallpa), in contrast with the case of the Bucaramanga and Cauca regions. The skewness of the distribution of TCFS values is positive.
For the TCFS calculated at the earthquake origin time, the median and mean of the distribution are above zero, but not as large as for the case of pre-earthquake times. Figure 7 (lower panels) also shows those trends: for pre-earthquake times, all the TCFS are positive for the El Puyo and the Pucallpa clusters; for the TCFS at the earthquake origin time, most of the data are positive, with a similar trend as that for the previous case.
Effects of uncertainties in the fault parameters and the choice of nodal plane
Given the intermediate depth of the analyzed earthquakes and the impossibility to associate the events with regional or local faults, the ambiguity of the nodal planes in the focal mechanism cannot be easily resolved. For this reason, all our previous results of TCFS calculation consider both nodal planes.
Uncertainties in the focal mechanism information can be of the order of 10-45 degrees, and these variations can affect the obtained TCFS. To explore how these uncertainties affect our previous results, we consider random variations within the mentioned interval in the focal mechanism information and carried out the calculations; for this purpose, we perturbed the strike, dip and rake by random angles within the range of the uncertainties and to re-compute the TCFS, first assuming that the random variation is subtracted from the focal mechanism parameters, and in the other case assuming that such variation is added. Figure 10 shows the result of these numerical experiments. When we compare these results with those of Figure  3a ,b. we see only small changes in the distribution of the resulting TCFS. Still, the tendency in all cases is toward positive values of TCFS, suggesting that this trend is not just the result of chance or errors in the estimation of the focal mechanism.
Additionally, to explore the effects of the choice of nodal plane, we carried out a couple of additional tests. First, we randomly selected, for each focal mechanism, a nodal plane 1 (NP1) and a nodal plane 2 (NP2), and determined the statistical distribution of both planes for all available focal mechanisms. For all cases (all seismic clusters), the tendency in the values of the TCFS is preserved regardless of the chosen nodal plane. In Figure 11 we show one example of this tendency for the case of the Bucaramanga nest, where the difference in the mean value for both planes is 36.57 Pa. The second test considers the calculated differences between the TCFS for each nodal plane from the same focal mechanism (See supplementary Figures S1 and S2 ). The differences in TCFS between the two nodal planes range between 68 to 688 Pa for all the studied clusters when considering the time at the maximum tidal strain before the earthquake, and from 36 to 108 Pa for the case of the TCFS calculated at the earthquake origin time. In the case of the calculations at pre-earthquake time, the Cauca cluster has the smallest differences in the TCFS calculated for the two possible nodal planes per focal mechanism, which are typically less than 100 Pa; El Puyo cluster shows the greatest differences, reaching up to 688 Pa. Despite these differences in the TCFS calculated for both nodal planes, the global trends of the TCFS are similar.
Discussion
In general, the statistical trends found for the TCFS suggest that there is a contribution of the tides to seismic triggering in intermediate depth earthquake clusters. The focal mechanisms are very diverse, including all types of faulting. This diversity of mechanisms and fault plane orientations may allow that in many cases the gravitational forces from the Moon and the Sun could provide a loosening effect on the fault surfaces, which could facilitate sliding. Our results are consistent with the possibility that this pre-earthquake effect may help triggering seismic events in the clusters. At the earthquake origin time, the general statistical trend of the TCFS also indicates that it contributes to the triggering, although such trend is not as strong as for the case of pre-earthquake times (at the time of maximum tidal strain a few hours before the earthquake).
Two plausible processes that make intermediate depth earthquakes possible are dehydration embrittlement and thermal shear runaway (Frohlich and Nakamura, 2009, Prieto et al., 2012) ; slip and/or rupture generally occur within cold and stressed subducted lithosphere. Those processes can weaken pre-existing faults, or can even create new planes along which slip can occur, where shear strain localizes. If we also consider the effects of slab concavity, changes of dip along strike, slab pull, mantle flow, possible slab tearing and even collisions between different slabs, the result is a large heterogeneity of focal mechanisms, and therefore, a wide variety of fault planes with diverse attitudes concentrated in a relatively small volume. We hypothesize that this is the reason why the correlation between tides and seismicity is preferentially strong for the case of intermediate depth earthquake clusters, as found by Moncayo et al. (2019) . In these clusters, the diversity of fault plane orientations increases the likelihood that the loosening effect of the tides along fault surfaces takes place. For the case of shallower earthquakes, which mostly occur on pre-existing regional or local faults, the greater homogeneity of plane attitudes makes the tides less likely to contribute to earthquake triggering.
Even though previous studies and focal mechanism data for the analyzed seismic clusters in the northern-central Andes are relatively scarce, for the cases of the Bucaramanga nest, and El Puyo and Pucallpa clusters, it seems that there is a tidal contribution to earthquake triggering; for the case of the Cauca cluster, evidence is less conclusive. It is worth noticing that the Cauca cluster is the most spatially disperse of the analyzed seismic accumulations. The other three clusters are clearly located within a subducted slab and confined within a volume smaller than a cube of side length 100 km, with a significantly smaller volume for the Bucaramanaga nest (Prieto et al., 2012 , Yepes et al., 2016 , Soles-Valdivia, 2012 ).
Events in Bucaramanga may be associated with slab tearing (Cortes and Angelier, 2005), slab collision (Zarifi et al., 2007) , reactivation of pre-existing fault planes or localized accumulation of shear strain within the slab (Prieto et al., 2012) . On the other hand, the Cauca cluster occupies a larger volume (Chang et al., 2017 (Chang et al., , 2019 and has some events in the mantle wedge above the subducting slab. Moreover, they mostly occur along a vertical nodal plane that may allow the fluid propagation that is linked with the earthquake generation. Since there are specific directions along which slip preferentially occurs, it is not surprising that the causal relation between tides and earthquakes is more difficult to establish for this cluster, as the tidal forces have a more limited variety of plane attitudes on which they can generate the loosening effect, and therefore, the likelihood of contributing to earthquake triggering decreases.
Summary and Conclusions
For the main four accumulations of intermediate depth seismicity in the northerncentral Andes, we calculated the Tidal Coulomb Failure Stress (TCFS) for each of the events within the clusters with available source parameter information. The TCFS includes the effects of normal and shear stress on a fault plane, and when positive, it indicates favorability to promote slip along the fault.
We calculated the values of TCFS at the earthquake origin time and at the time of maximum strain a few hours before the earthquake. Although a small number of events with focal mechanism information for the selected seismic clusters were available (56 for Bucaramanga nest, and 89, 23 and 28 for Cauca, El Puyo and Pucallpa clusters respectively), the general results of our calculations of TCFS suggest that tides may contribute to earthquake triggering at seismic clusters of intermediate depth.
Since the Bucaramanga nest is the most studied one and has the clearest connection between tides and seismicity, we performed additional tests to elucidate how such a connection may work. Since the results of TCFS at pre-earthquake times show a clear trend towards positive values, we consider that the possibility of a preearthquake tidal forcing that may help trigger the event is plausible, so the fault can be critically affected, and once it reaches a critical stage, smaller levels of tidal strain could bring the fault to slip.
We had previously found that for northwestern South America a statistical correlation between earthquakes and tides is hinted for intermediate depth clusters, but it is not for upper crustal events (Moncayo et al., 2019) . In this work, we evidenced that tidal stresses can contribute to the physical processes that promote earthquakes within those clusters. What makes the intermediate depth clusters particular, is the large variability of fault plane orientations within a small volume, which can increase the likelihood that tidal stresses can contribute to earthquake triggering. Upper crustal earthquakes are usually associated to very specific fault plane orientations, so the tidal action is more limited.
Among the four analyzed clusters in this study, the Cauca cluster is the one with the less clear contribution of the TFCS to earthquakes, which is likely due to the fact that this is a relatively disperse cluster with some events located above the subducting slab that preferentially occur along one or several near-vertical planes (Chang et al., 2019) . Ader, T.J., Avouac, J.P., 2013. Detecting periodicities and declustering in earthquake catalogs using the Schuster spectrum, application to Himalaya seismicity. Earth Planet. Sci. Lett. 377-378 (2013) Supplementary Material Figure S1 . Differences between the nodal planes for the calculated TCFS and for all seismic clusters. The plots correspond to the time at the maximum tidal strain before the earthquake, and a friction coefficient of 0.4. Figure S2 . Histograms of differences in the TCFS when calculated with both nodal planes for each focal mechanism. Results are shown for all seismic clusters. These plots correspond to the earthquake time and a friction coefficient of 0.4. (2005) with information of the RSNC and CMT Catalog (Dziewonski et al., 1981; Ekström et al., 2012 Table S2 . Calculated normal and shear tidal stress for 56 intermediate-depth events from 1977 to 2017 in the Bucaramanga seismic nest. At maximum strain before earthquake = MSBE and at earthquake origin time = AEOT. The data 1-39 combines information of Cortes and Angelier (2005) with information of the RSNC and CMT Catalog (Dziewonski et al., 1981; Ekström et al., 2012) . NP2 corresponds to the strike (S), dip (D) and rake (R) of the second nodal plane. Date in days of the Julian Calendar (JC) since the reference time 4713 B.C. (2005) with information from the RSNC, CMT Catalog (Dziewonski et al., 1981; Ekström et al., 2012 ), Chang et al., 2019 , Salcedo et al., 2001 , and Tabares et al., 1999 Table S5 . Focal mechanism information for intermediate-depth events from 1982 to 2016 in the region of the El Puyo seismic cluster. At maximum strain before earthquake = MSBE and at earthquake origin time = AEOT. The information about focal mechanism was obtained from CMT Catalog (Dziewonski et al., 1981; Ekström et al., 2012 Table S6 . Focal mechanism information for intermediate-depth events from 1982 to 2016 in the region of the El Puyo seismic cluster. At maximum strain before earthquake = MSBE and at earthquake origin time = AEOT. The information about focal mechanism was obtained from CMT Catalog (Dziewonski et al., 1981; Ekström et al., 2012) . Conventions as in Table S2 . Table S7 . Focal mechanism information for intermediate-depth events from 1977 to 2017 in the region of the Pucallpa seismic cluster. At maximum strain before earthquake = MSBE and at earthquake origin time = AEOT. The information about focal mechanism was obtained from CMT Catalog (Dziewonski et al., 1981; Ekström et al., 2012) . Conventions as in Table S1 . Table S8 . Focal mechanism information for intermediate-depth events from 1977 to 2017 in the region of the Pucallpa seismic cluster. At maximum strain before earthquake = MSBE and at earthquake origin time = AEOT. The information about focal mechanism was obtained from CMT Catalog (Dziewonski et al., 1981; Ekström et al., 2012) . Conventions as in Table S2 . 
